Pheochromocytomas are rare neoplasias of neural crest origin arising from chromaffin cells of the adrenal medulla and sympathetic ganglia (extra-adrenal pheochromocytoma). Pheochromocytoma that develop in rats homozygous for a loss-of-function mutation in p27Kip1 (MENX syndrome) show a clear progression from hyperplasia to tumor, offering the possibility to gain insight into tumor pathobiology. We compared the gene-expression signatures of both adrenomedullary hyperplasia and pheochromocytoma with normal rat adrenal medulla. Hyperplasia and tumor show very similar transcriptome profiles, indicating early determination of the tumorigenic signature. Overrepresentation of developmentally regulated neural genes was a feature of the rat lesions. Quantitative RT-PCR validated the up-regulation of 11 genes, including some involved in neural development: Cdkn2a, Cdkn2c, Neurod1, Gal, Bmp7, and Phox2a. Overexpression of these genes precedes histological changes in affected adrenal glands. Their presence at early stages of tumorigenesis indicates they are not acquired during progression and may be a result of the lack of functional p27Kip1. Adrenal and extra-adrenal pheochromocytoma development clearly follows diverged molecular pathways in MENX rats. To correlate these findings to human pheochromocytoma, we studied nine genes overexpressed in the rat lesions in 46 sporadic and familial human pheochromocytomas. The expression of GAL, DGKH, BMP7, PHOX2A, L1CAM, TCTE1, EBF3, SOX4, and HASH1 was up-regulated, although with different frequencies. Immunohistochemical staining detected high L1CAM expression selectively in 27 human pheochromocytomas but not in 140 nonchromaffin neuroendocrine tumors. These studies reveal clues to the molecular pathways involved in rat and human pheochromocytoma and identify previously unexplored biomarkers for clinical use. Cdkn1b | rat model | transcriptome analysis | progenitor signature
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We have identified a recessive MEN-like syndrome in the rat (termed MENX) demonstrating a phenotypic overlap with both human MEN1 and MEN2 (7) . Affected rats (homozygous for the underlying mutation, and hereafter referred to as "mutant") develop bilateral adrenal pheochromocytoma with a 100% frequency and extra-adrenal pheochromocytoma (paraganglioma) with a 68% frequency. Other tumors include multifocal anterior pituitary adenoma, parathyroid adenoma, and bilateral thyroid C-cell hyperplasia (7) . Adrenal medullary hyperplasia is evident as early as 3 mo of age and progresses to pheochromocytoma by 6 to 8 mo. The genetic defect underlying the MENX syndrome is a loss-of-function mutation of Cdkn1b, encoding the cyclindependent kinase inhibitor p27Kip1 (hereafter referred to as p27) (8) . Capitalizing on this genetic finding, we and others have identified further germ-line mutations in the CDKN1B gene in patients with MEN1-related disease (8) (9) (10) , demonstrating that rats and humans share genetic pathways that predispose to endocrine malignancy.
The progression of the rat lesions offers a unique opportunity to study the molecular etiology of pheochromocytoma. We report here the alterations in gene expression that accompany the early events of pheochromocytoma development in rats and provide evidence for a common molecular pathway in the development of rat and human pheochromocytoma. Several of the deregulated genes have not been previously identified in human pheochromocytoma and may represent unique tumor markers.
Results

Differential Gene Expression of Rat Adrenal Lesions Reveals Consistent
Expression Signatures. We generated gene expression profiles of eight hyperplastic adrenomedullary lesions, four pheochromocytomas from MENX-affected rats. Adrenal medulla samples of age-matched wild-type littermates were used to generate two datasets: hyperplasia/normal and tumor/normal (Datasets S1 and S2).
Differentially expressed genes were identified by the permutation based unpaired t test with significance analysis of microarrays for equality of expression versus normal RNA. Unsupervised hierarchical clustering separated both hyperplasia and pheochromocytoma from wild-type tissues.
Heat-maps were generated for genes with at least twofold upor down-regulation in both hyperplasia and tumor datasets (Fig.  1) . Genes involved in pathways that are overrepresented and discussed in greater detail are highlighted in Fig. 1 . A greater than twofold overexpression was seen for 196 genes in hyperplastic tissue, whereas 165 genes were underexpressed. For pheochromocytoma, 183 genes were overexpressed more than twofold and 306 were underexpressed. The gene lists are reported in Datasets S1 (hyperplasia) and S2 (tumor). The degree of overall overlap between the sets of genes dysregulated in hyperplasia and tumors was considerable (Fig. S1A) . Of the 200 most dysregulated nonredundant genes, 87 were common to both datasets (P = 3.73517E-128), indicating that the majority of the gene-expression changes already take place at the hyperplastic stage of pheochromocytoma development in the MENX rats.
Neural Precursor Cell-Like Expression Signature Is a Feature of MENXAssociated Pheochromocytoma. An overrepresentation of development-associated pathways was identified through the analysis of the 200 most up-regulated genes in hyperplastic tissue by the functional annotation tool of the Database for Annotation, Visualization, and Integrated Discovery (DAVID) software (Table  1 ). The Gene Ontology (GO) category "developmental process" was enriched within the set of dysregulated genes [39 of the 179 (21.8%) classified genes, P = 0.0002]. Of these genes, 18 fell into the subcategory "nervous system development" (P = 0.00017) ( Fig. S1B and Table S1 ). These included the Mash1(Ascl1), Bmp7, Phox2a, Neurod1, Gal, Cxcr4, Cdkn2a, Cdkn2c, Gata2, Sema6a, and Sox4 genes that are all implicated in the differentiation of neural crest cells into the precursor cells of the sympathoadrenal cell lineage from which adrenal medullary cells are derived (11, 12) .
In pheochromocytoma, a trend toward a similar enrichment of developmental process genes is evident (Table 1) , with 32 of the 200 recognized probe set identifications (16%) belonging to this category P = 0.052 (Table S2 ). However, the additional enrichment of "cell communication," "cell adhesion," and "cell proliferation" genes ( Table S2 ) that accompanies progression from hyperplasia to tumor clearly dilutes the development-associated gene-expression signature. The enrichment of developmentally related genes in both tumor and hyperplasia was also seen using an alternative analytical tool (Gene Ontology Tree Machine) (13) .
A number of genes involved in specialized adrenal cell functions were underexpressed in the rat lesions, including the glutamate receptor (Gria3), Gadd45, CREB-like protein, and the neuropeptide genes Vip and Npy (Fig. 1) . A similar dedifferentiation has been reported in human familial pheochromocytoma (14) . The adrenal medulla of rodents contains two cell populations of adrenergic and noradrenergic chromaffin cells that can be distinguished based on the expression of the enzyme phenylethanolamine N-methyltransferase (PNMT), which is expressed only in the former cell type. This expression also occurs in MENX-affected rats, as demonstrated by immunohistochemical staining using a specific anti-PNMT antibody (Fig. S2) . During tumor progression, the cell population that expands is composed of PNMT-negative cells, in agreement with what has been previously observed in some (15), but not all (16) spontaneous or drug-induced rat pheochromocytomas. The paragangliomas that develop in the affected rats also show no immunoreactivity for PNMT.
Validation of the Microarray Analysis. Because we were mainly interested in early gene expression changes, we focused on the hyperplasia dataset. Quantitative PCR (qRT-PCR) analysis of 12 genes overexpressed in the rat lesions was performed to validate the expression signature data. Transcripts selected were the cellcycle inhibitors Cdkn2a (p16) and Cdkn2c (p18), Sctr (secretin receptor), Neurod1 (neurogenic differentiation factor 1), Gal (galanin), Dgkh (diacylglycerol kinase eta), Bmp7 (bone morphogenetic protein 7), Phox2a (paired-like homeobox 2a), L1cam (L1 cell adhesion molecule), Tcte1 (T-complex-associated testisexpressed protein 1), Cxcr4 (C-X-C chemokine receptor type 4), and Pqbp1 (polyglutamine-binding protein 1). These genes were selected because they belong to the most overrepresented biological process in rat hyperplasia: the nervous system development (Fig. S1 ). Moreover, they cover a 3-to 20-fold range of expression changes in the rat lesions. The gene encoding galanin was included because this protein was reported to be highly expressed in about 50% of human pheochromocytomas (17) .
Quantitative RT-PCR analysis was performed on both the original tissue samples used for microarray analysis and additional ones (total n ≥ 25). Macrodissected adrenal medulla tissues that were mostly devoid of cortical cells were macrodissected from normal age-matched rats (n = 5) to serve as controls (18) .The qRT-PCR results were largely concordant with the expression array data, although the magnitude of some of the changes detected varied between the two methods ( Fig. 2A) . The only exception was Tcte1, which was among the most highly overexpressed genes in the array analysis (Dataset S1) but was not up-regulated in the qRT-PCR. The discrepancy between the array and qRT-PCR results may be a result of alternative splicing of the Tcte1 transcript in adrenomedullary cells of MENX rats (Fig. S3) .
A qRT-PCR assay for Mash1, which encodes a trascription factor that promotes the neuronal fate determination of neural crest stem cells (19) , was not available. Consequently we applied an in situ mRNA hybridization assay to detect Mash1 transcripts (20) . This process confirmed that formalin-fixed, paraffin-embedded tumor tissues expressed higher levels of Mash1 than corresponding control tissues (Fig. S4A ).
Gene Expression Changes Precede Histological Changes in Mutant
Adrenal Medulla. To establish if the observed gene-expression changes precede even the histologically detected hyperplasia, we performed qRT-PCR for the 12 overexpressed genes shown in Fig. 2A on macrodissected tissues obtained from 1-mo-old mutant (n = 5) and age-matched wild-type littermates (n = 4) (Fig.  2B) . We observed that all of the genes overexpressed in hyperplasia, with the exception of Tcte1 (see above), are already expressed at high-albeit variable-levels in the histologically "normal" adrenal glands of 1-mo-old affected rats (Fig. 2B) . Interestingly, Sctr and Gal are expressed in these samples at levels that are even higher that those seen in hyperplasia or tumor.
The presence of altered gene expression before the histological changes may be a direct consequence of the loss of the p27 expression, rather than a tumor-progression event. To verify whether the overexpression of those genes is indeed dependent on the presence of functional p27, we assessed their expression level in the PC12 cell line (derived from a rat pheochromocytoma). PC12 cells have an endogenous wild-type Cdkn1b gene sequence and express detectable p27 protein. Interestingly, two of the genes overexpressed in MENX adrenal lesions, namely Cdkn2c and Sctr, are also more highly expressed in PC12 cells when compared with normal rat adrenal medulla (used as control) (Fig. S4B) . In addition, Tcte1 is highly expressed in PC12 cells and this correlates with the presence of a correctly-spliced (and hence detectable by qRT-PCR) Tcte1 transcript in these cells (Fig. S3) . These results suggest that the overexpression of Cdkn2c, Sctr, and Tcte1 is a feature of rat pheochromocytoma and is therefore not related to p27 loss-of-function, but the overexpression of the other genes may be specific for MENXassociated tumors.
Pheochromocytomas and Paragangliomas in MENX Rats Show Different
Expression Signatures. To determine whether the genes overexpressed in the MENX-associated adrenal lesions are also involved in the development of the extra-adrenal tumors (noradrenergic) in these animals, we analyzed a subset of the genes reported in Fig.  2A (i. e., Cdkn2c, Sctr, Neurod1, Gal, Dgkh, Phox2a, L1cam, and Bmp7). Of the genes analyzed by qRT-PCR in seven rat paragangliomas (Fig. 2C) , only Sctr showed overexpression in these tumors. None of the other genes overexpressed in adrenal tumors was found to be overexpressed in paraganglioma compared with normal adrenal medulla. This finding suggests that, although both tumor types derive from chromaffin cells and are morphologically similar, they are the result of distinct molecular alterations within the MENX animal model.
Analysis of Human Pheochromocytomas.
A subset of the genes upregulated in rat adrenomedullary lesions was analyzed in a series of 33 sporadic and 13 familial human pheochromocytomas (Table S2) . We chose the homologs of genes already validated in Fig. 2 . Validation of selected genes by TaqMan qRT-PCR in adult and young adrenal tissues and in paraganglioma. (A) Tumor RNA was extracted from macrodissected adrenal medulla of adult mutant rats (8-10 mo of age) and from adrenal medulla of normal control rats. Quantitative RT-PCR was performed using primer and probe sets specific to the indicated rat genes. The level of mRNA in mutant tumor tissue was normalized against the value obtained for normal tissues (at least five different samples), whose average was arbitrarily set at 1. The boundary of the box closest to zero indicates the 25th percentile, the line within the box marks the median, and the boundary of the box farthest from zero indicates the 75th percentile. Error bars above and below the box indicate the 90th and 10th percentiles. (B) RNA was extracted from macrodissected adrenal medulla of 1-mo-old mutant rats (n = 5) and control rats (n = 4). Quantitative RT-PCR was performed using primer and probe sets specific to the genes indicated in A. (C) RNA was extracted from paragangliomas (n = 7) of adult mutant rats and macrodissected adrenal medulla of adult wild-type rats. Quantitative RT-PCR was performed using primer and probe sets specific to the indicated genes. *P < 0.05; **P < 0.01. the rat lesions, which belong to the highly enriched "nervous system development" GO category (i.e., GAL, DGKH, PHOX2A, L1CAM, BMP7, TCTE1, and HASH1/ASCL1, the homolog of the rat Mash1). In addition, we studied the SOX4 (SRY-sex determining region Y-box 4) and EBF3 (Early B-cell factor 3) genes because of their global role in development (21, 22) . The results of the qRT-PCR showed that all of these genes are indeed also overexpressed in both sporadic and familial human pheochromocytomas, albeit with variable frequencies (Table S3) . We did not observe differences in the incidence of gene overexpression between hereditary and familial cases, with the exception of DGKH, which was up-regulated in 24 of 33 sporadic tumors (72.7%) but in only 2 of 13 familial cases (15.3%). Interestingly, both the PHOX2A and L1CAM genes were frequently overexpressed, being elevated in 42 of 46 (91%) and 41 of 46 (89%) tumors, respectively. BMP7 was overexpressed in 38 of 46 tumor cases, EBF3 in 29 of 45 cases. GAL was found upregulated, albeit at highly variable levels, in 21 of 45 samples, in agreement with previously reported data (17) . In contrast to the differences in gene-expression changes between the rat MENXassociated adrenal and extra-adrenal pheochromocytoma, no significant difference in the frequency of gene up-regulation (P > 0.09) was seen between human adrenal and extra-adrenal lesions. Similarly, no difference in gene overexpression exists between adrenergic and noradrenergic tumors (P > 0.19).
Candidate Markers for Pheochromocytoma. As a direct correlation between mRNA expression and protein levels does not automatically follow, we studied the protein products of two of the highly overexpressed genes, namely L1CAM and PHOX2A. The expression level of both proteins in human tumors was compared with normal human adrenomedullary tissue and cell lines: PC12 cells were used as a positive control for PHOX2A expression, and HeLa cells for L1CAM. Western blot analysis showed that L1CAM is indeed highly expressed in 9 of 10 of the human tumor samples, although it was undetectable in normal adrenal tissue. PHOX2A was expressed in 8 of 10 human pheochromocytomas at a much higher level than that seen in normal adrenal medulla (Fig. 3) . Immunohistochemical staining of human pheochromocytoma for the L1CAM protein was performed on a series of formalinfixed, paraffin-embedded pheochromocytoma tissues: 18 from the patients already studied by qRT-PCR plus 5 additional cases (Table S4 and ref. 23) . The results showed that L1CAM is expressed at high levels at the plasma membrane of the tumor cells compared with human normal adrenomedullary cells (Fig. 4) . Moderate to high expression (score 2+ and 3+) was observed in all adrenal pheochromocytoma (12 sporadic and 2 familial), as well as in seven of nine extra-adrenal paragangliomas (Table S4) . To examine the specificity of this putative unique marker of pheochromocytoma, we stained two tissue microarrays containing a total of 144 neuroendocrine tumors (NETs) with the anti-L1CAM antibody. Positive membranous immunoreactivity was only observed in the two samples of adrenal pheochromocytomas (scored 2+) and in one of two abdominal paragangliomas (scored 2+). Interestingly, neither two duodenal gangliocytic nonchromaffin paragangliomas, nor any of the remaining 138 nonpheochromocytoma NETs showed L1CAM immunostaining. These results attest to a highly specific and restricted expression of L1CAM in NETs that is limited to neoplasms derived from chromaffin cells.
Discussion
Gene expression profiling of MENX-associated rat adrenomedullary lesions has revealed a neural precursor cell-like molec- (Table S1 ) express at high level PHOX2A and L1CAM proteins compared with control cell lines and normal adrenal. To check for equal loading the membrane was probed with anti-α-tubulin antibody. 
Several genes involved in the differentiation of neural crestderived progenitor cells of the sympathoadrenal cell lineage into endocrine chromaffin cells are among those highly expressed in the rat adrenal lesions, including Mash1 and Phox2a. Mash1/ Ascl1 is a helix-loop-helix transcription factor required for the development of early precursor cells that are committed to a neuronal fate (19) . Mash1/Ascl1 activates Phox2a, a homeodomain transcription factor expressed in parasympathetic neurons (24) . Genes such as Mash1/Ascl and Phox2a are usually transiently expressed during development and then switched off as the cells undergo terminal differentiation at their final body location. High expression of Mash1 and Phox2a suggests that MENX-associated tumors arise from cells with a sympathoadrenal precursor-like phenotype. Other genes having a recognized role in the determination of sympathoadrenal cell lineage fate or showing a more general involvement in the formation of the neuroendocrine system, such as Gal, Bmp7, and Neurod1 (17, 25, 26) , are also overexpressed in rat adrenal tumors.
The enrichment of development-related genes in our samples is reminiscent of the situation reported by Powers et al. (27) , who performed microarray analysis of pheochromocytoma developing in mice harboring one defective copy of the Neurofibromatosis 1 (Nf1) gene. Within this study the authors present a list of 64 selected genes significantly overexpressed in the mouse tumors that participate in the regulation of neural development. Interestingly, seven of them are also highly expressed in MENX rat hyperplasia (Spock1, Sox9, Celsr1, Brca1, Klf7, Phox2A, Lgals1). Powers et al. proposed two alternative hypotheses to explain their results: (i) Nf1-associated pheochromocytoma could arise from persistent neural progenitors that continue to express markers associated with their cells of origin; and (ii) the expression of neuronal markers of immature precursor cells is required during neoplastic transformation. Our observation that a subset of the overexpressed genes involved in developmental processes is already highly expressed in the nontumorous adrenal medulla of 1-mo-old mutant rats lends support to the hypothesis for maintenance, rather than reacquisition, of the sympathoadrenal progenitor phenotype.
MENX mutant rats carry a homozygous germ-line mutation in Cdkn1b, which causes an extreme reduction or loss of p27 protein in affected rat tissues (8) . The protein p27 is a cell-cycle regulator that regulates the interplay between proliferation and differentiation in many tissues (28, 29) . The resultant loss of cellcycle exit capability in MENX rats could promote an atypical expansion of progenitor cells or could prevent chromaffin cells from undergoing terminal differentiation. The bilateral juvenile cataracts seen in affected rats (7) supports a role for p27 in both of these processes. Indeed, histological analysis showed the presence of cell nuclei in the lens fiber compartment, a sign of ectopic cell proliferation and of failure of terminal differentiation during lens fiber formation (8) . Furthermore, as we observed a higher proliferation rate in adrenomedullary cells in 1-mo-old mutant rats (Ki67 labeling index) (Fig. 5) , we believe that the absence of p27 both increases proliferation and impairs terminal differentiation of neural crest-derived precursor cells with a consequent overrepresentation of cells with an immature molecular phenotype in the adrenal glands of mutant rats. The finding that some of the developmental markers identified in the MENX tumors are absent from rat PC12 cells bearing wild-type p27 further supports the hypothesis that some parts of the progenitor cell-like gene signature might be a direct result of nonfunctioning p27. However, further studies are required to prove a direct link between p27 and the expression of these selected genes.
Importantly, some of the genes dysregulated in the rat model were also found to be up-regulated in both sporadic and hereditary human pheochromocytoma. Most of these genes have not previously been associated with human pheochromocytoma (DGHK, PHOX2A, BMP7, L1CAM, EBF3) and therefore represent potentially unique biomarkers of the disease. Assessing the function of the identified developmentally regulated neural genes in adrenomedullary tumors and normal states may help us understand the origin of these tumors and may provide us with previously unexplored targets for therapeutic regimens aimed at eradicating precursor tumor cells.
L1CAM is a neural cell adhesion molecule that interacts with other cell-surface receptors to regulate axonal projections and migration of embryonic cortical neurons (30) . High L1CAM expression has been observed in various types of cancer and is associated with tumor invasion and unfavorable prognosis in carcinomas of the ovaries, endometrium, stomach, and breast (31) . In contrast, expression of L1CAM correlates with favorable outcome in pediatric neuroblastoma, embryologically related to pheochromocytoma by its common derivation from the sympathoadrenal system (32) . Immunohistochemical staining for L1CAM of 27 cases of adrenal and extra-adrenal pheochromocytoma and 140 human NETs of various origins showed high expression of the protein selectively in chromaffin cell-derived NETs. In our pheochromocytomas, the level of L1CAM expression was always elevated, and not obviously associated with invasive behavior: only one tumor in our series was malignant, and it scored 3+. The analysis of larger series of benign and malignant pheochromocytoma is required to determine whether a high level of L1CAM associates with a more aggressive behavior in this tumor type.
Recently, L1CAM was investigated as target antigen for radioimmunotherapy in a mouse xenograft model of human neuroblastoma by use of a radio-labeled specific anti-L1CAM antibody (33) . MENX-affected rats, because of the overexpression of L1CAM in their adrenal tumors, represent a good experimental model to evaluate the efficacy of radio-labeled anti-L1CAM antibodies for functional imaging and therapy of pheochromocytoma.
The present study, together with recent genome-wide allelic imbalance data on MENX-associated pheochromocytoma (18) , demonstrates that, although the rat model may not perfectly reflect the human tumors, it is a useful model of human pheochromocytoma. Considering the small number of genes selected for cross-validation in the human samples, the identification of common genetic features with MENX tumors is remarkable. Moreover, similarities in molecular features extend to human sporadic pheochromocytoma, the most frequent type and that whose molecular pathophysiology still needs to be fully deciphered. Further molecular characterization of MENX-associated pheochromocytoma will improve our understanding of the pathophysiology of this tumor and might provide novel molecular targets for early diagnosis, precise detection, and individualized therapy.
Materials and Methods
Rat Tissue Samples. Rat tissues were snap-frozen in liquid nitrogen and stored at −80°C until use. Histological examination by an experienced pathologist (A.P.) confirmed the diagnosis of hyperplasia or pheochromocytoma. Cryosections of adrenal tissues were macrodissected under a stereomicroscope M5-52765 (Wild) to remove the cortex. This approach gave us samples largely devoid of cortical cells, as previously demonstrated (18) .
Patients. The study was approved by the Ethics Committee of the Universities of Munich, Bern, Gliwice, and Florence and informed written consent was obtained from all patients. Phaeochromocytoma/paraganglioma patients studied included eight with MEN 2A, one with VHL syndrome, one with paraganglioma syndrome 1 (PGL1), one with PGL4, and a further 33 without evidence of an underlying hereditary condition for pheochromocytoma/paraganglioma (i.e., presumed sporadic). Clinical data of the patients used for the qRT-PCR are shown in Table S1 . Cases used for immunohistochemical staining are also indicated in Table S1 or were previously reported (23) .
See SI Materials and Methods for more details and associated references.
